I. INTRODUCTION
A micro-Newton level micro-cathode arc thruster (lCAT) with magnetically enhanced system has been proposed to address the long-time operation of micro-thruster for the nano-satellite propulsion. [1] [2] [3] It has been found that utilization of a magnetic field of special configuration could tremendously improve the plasma transport thus increasing the ion current in the plasma plume (with ion current fraction changing from 0.5% without a magnetic field to 3.5% for B ¼ 250 mT). In addition, a magnetic field augmentation leads to an increase in cathode mass consumption rate by a factor of 5 that lead to enhanced impulse bit. [1] [2] [3] [4] [5] [6] Another important contributor to thrust is the ion velocity.
Numerous attempts to determine ion velocities produced by cathodic arcs in vacuum were developed previously. [7] [8] [9] [10] [11] [12] [13] [14] In 1930s, Tanberg published the first data on Cu ion velocity produced by vacuum arc that was measured by two indirect methods. 7 First method was based on the measurements of reaction force of the plasma on the cathode and the rate of vaporization of the cathode material, while second approach utilized the force producing by plasma on a suspended vane and the material condensation rate on the vane. Both methods yield Cu ion velocity of the order of 1:6 Â 10 4 m/s. Later, a thorough study of ion velocities for wide number of the different cathode materials was conducted by means of electrostatic energy analyzer and time-of-flight (TOF) method. [8] [9] [10] [11] [12] [13] [14] TOF method utilizes inducing perturbations on discharge current waveform resulting in appearance of corresponding perturbations of plasma density and following tracking the propagation of these density perturbations with the set of detectors located along the plasma path. Plasma ion velocities were found to be in a relatively narrow range of about from 0:5 Â 10 4 to 3:5 Â 10 4 m/s for different cathode materials. [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] The effect of magnetic field on ion velocity in the vacuum arc was studied elsewhere. 14, 15 The acceleration of catholic arc plasma jet was observed while propagating from the region of larger magnetic field near the arc electrodes to the region of smaller magnetic field and explained using magnetic mirror effect. Ti ion velocities were accelerated from about 1:5 Â 10 4 m/s to 3 Â 10 4 m/s at their motion away from the arc electrodes from 15 to 55 cm at B ¼ 60 mT in the coil center. 14, 15 Although number of measurements of the plasma jet including large body of experimental studies of the ion velocities (Refs. [8] [9] [10] [11] [12] [13] [14] [15] in vacuum arcs were performed, the ion velocity in the lCAT was not investigated previously. Recall that the results obtained in previous works for vacuum arc cannot be directly applied for lCAT due to differences in discharge geometry, plasma path, and the magnetic fields configuration. 14 In this work, the Ti ion velocities produced by lCAT and, in particular, address the influence of magnetic field on the ion motion was studied. The measurement was conducted using the TOF method with improved novel enhanced ion detection system (EIDS) in order to overcome the problem of noise generation simultaneously with the arc current perturbation associated with utilization of conventional single probe detector. The average impulse bit was calculated using the mass consumption data and the measured average ion drift velocity, particular, with different magnetic field strengths in the last section of the paper.
II. MICRO-CATHODE ARC THRUSTER
The basic configuration of lCAT (Refs. 2 and 3) used in the experiments is shown in Fig. 1 diameter and 6.34 mm outside diameter, and same diameter annular copper anode with 1 mm width. The annular ceramic insulator tube having same inner and outer diameters and a width of about 1 mm was used as separator between the arc electrodes. Plasma generated at the cathode-insulator interface expands through anode and being controlled by the magnetic field created by the coil mounted outside of the thruster anode tube as shown in Fig. 1 . Power processing unit (PPU) with an inductive energy storage system has been designed. When the trigger pulse is applied to semiconductor insulated gate bipolar transistor (IGBT) switch, the energy is being accumulated in the inductor, while when trigger pulse is ending, a surge voltage with the magnitude proportional to LdI/dt is generated on the inductor and applied to the arc electrodes. This leads to a breakdown and initiation of arc discharge between the electrodes. More details about PPU can be found elsewhere. 3, 19 A 700 turns copper wire magnetic coil is mounted around the thruster tube (inner diameter 0.9 cm, thickness 2.5 cm) to produce magnetic field as indicated in Fig. 1 . The arc discharge and magnetic field were powered independently, each having its own pulse-forming circuit. Note that the voltage pulse was applied to magnetic coil several ms prior the discharge initiation in order to ensure establishing the steadystate current in the coil. The field strength was simulated using finite element method magnetics (FEMM) magnetic field simulation software. The direction of the magnetic field could be simply reversed by reversing the coil current.
III. ION VELOCITY MEASUREMENT
A simple and convenient TOF approach was utilized to measure an average ion velocity using EIDS. The plasma jet in vacuum arc was produced due to cathode erosion with the rate proportional to the arc current (I arc ). Therefore, one can apply the modulation to I arc waveform by a spike initiation in order to generate bunches of the denser plasma. 18 Then, propagation of these bunches is tracked using the series of detectors located along the plasma propagation path. Given that typically a single cathode spot is generated, these dense plasma bunches propagates along the plasma jet path without significant disturbance. In this work, the EIDS implemented double probes to detect the denser plasma propagation in contrast with traditionally utilized single probe 14, 15 that significantly simplifies interpretation of the measurement. When plasma bunch crosses each of the double probes, the spike on the probe current (ion current is measured) is detected following variation of plasma density. By measuring the delay times between the neighbor probes, the average ion velocity can be determined.
The perturbation of the arc discharge current was created using additional voltage source included in circuit as shown in Fig. 1 . The voltage of this source was chosen to be higher than arc voltage in order to generate corresponding spike of arc current (it was around 50-70 V compare to 30-50 V arc voltage). Double probes utilized three pairs of grids and had diameter of about 150 mm. The grids were made of copper wires with a diameter of about 0.1 mm, had openings of about 1 cm 2 , and were oriented perpendicularly to the Z-axis. The size of the openings was chosen to be significantly larger than the Debye radius to ensure the smallness of plasma perturbation. The grids in each double probe were separated distance h ¼ 10 mm in Z-direction. The double grid probes were located 80, 160, and 240 mm from the cathode electrode surface, respectively. Each double grids probe was floated with respect to the grounded cathode and the first grid is À72 V with respect to the second grid in order to ensure collection of ion saturation current. Four current transformers were used to measure the probe current to ensure decoupling of the probe circuits from the ground. Arc current and signals from the double probes were recorded using one 4-channel digital oscilloscope. 
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Now let us discuss in more details the principle of EIDS measuring technique and address specific assumptions and restrictions imposed by it. First, the method considered requires that velocity of denser plasma bunch is equal to that of the mainstream plasma. This is necessary to ensure the measurement of the correct velocity and avoid mixing of different parts of plasma stream. The extensive study of ion velocities for different arc currents indicates that average velocity of ions is a weak function of arc current (from several tens to few hundred Amperes), 15, 20 and therefore this requirement are satisfied.
Second, the EIDS requires utilization of the detector able to identify the signal caused by the plasma bunch against a background noise. Our experiments indicate that if a single probe is utilized as detector, the noise signal is generated simultaneously with inducing the arc current perturbation and this noise overlaps with signal caused by the plasma bunch, which introduces uncertainty in interpretation of results. Note, this problem becomes less significant when measurements are made at larger distances from the thruster (8-24 cm in this work compared to 15-55 cm in Ref. 14) . Based on this evidence, we utilized double probe that senses plasma parameters just locally and completely decoupled from the processes taking place in the plasma outside the probe itself, in contrast with single probe in which current is collected from the entire plasma column between the cathode and the probe collector.
Third, the geometry and grid size of double probes should be designed taking into account the plasma propagation path in the magnetic field configuration of lCAT. According to the previous experiments with lCAT (Refs. 3 and 4), the plasma jet in magnetic field keeps the rotation predetermined by the original rotation of cathodic spot and propagates along the magnetic field lines. 3, 4 Using the data in mentioned experiments, the probe has been chosen with diameter of 150 mm in order to collect the entire plasma flux.
Fourth, the duration of arc current spikes should be chosen by considering the magnitude of jet velocity and spatial resolution of the detectors. On one hand, shorter spikes are generally beneficial since they improve the temporal resolution of the system. On the other hand, there are some limitations on the minimal duration of the spike. Indeed, spatial length of plasma bunch should be larger then the gap between the double probe grids (h) in order to spatially resolve it. Taking into account that h ¼ 10 mm and ion velocity is of the order of 10 4 m/s (Refs. 15 and 18), the corresponding spike duration should be >1 ls. In addition, the experimental evidence [see Fig. 2(b) ] indicates the presence of a finite inductive-type delay of about 5 ls in development of spike current. Therefore, based on the above consideration, the duration of current spike was chosen about 10 ls. Recall that the dense plasma bunches propagation time is comparable with the duration of the spike.
Thruster impulse bit was calculated using the following expression: I impulse ¼ V ion M mass , where V ion is the average ion velocity measured in this paper and M mass is the cathode consumption rate measured in Refs. 6 and 21. Fig. 2 shows an example of thruster arc current and arc voltage without and with superimposed spikes. In Fig. 2(a) , no spikes are induced, the discharge voltage is around constant 30 V throughout the discharge, the arc current is around 60 A right after the breakdown and drops down to zero, and discharge duration is about 200-300 ls. In Fig. 2(b) , several spikes of discharge voltage and corresponding arc current spikes are shown. Fig. 3 shows typical arc current waveform and signals on 3 double grid probes for the case of magnetic field B ¼ 0.1 T (here and below the field strength is at z ¼ 0 if it is not specified specially). The four channels are arc current signal measured by current transformer and ion current signals measured by three sets of double grides probe which located at z ¼ 80, 160, and 240 mm, respectively, as indicated in Fig. 1. Fig. 3 clearly indicates presence of time delays in appearance of spikes on consecutive probes. The ion velocity data presented below was determined based on the corresponding delays and known distance between probes. Fig. 4 shows the average ion velocity between each two sets of detectors as a function of the magnetic field strength. One can see several features from Fig. 4 . Average ion velocities increased with magnetic field and with distance from the plasma source. To better understand the observed phenomena, we will consider dependence of ion velocity as a function of an axial distance z. 
IV. EXPERIMENTAL RESULTS

V. DISCUSSIONS
Let us discuss the characteristic regions from the generation region in the cathode spot to free expansion region far from the thruster. There are two characteristic regions that can be identified. First region (approximately up to 80 mm from the cathode) is the interelectrode region in which plasma is being produced and accelerated by pressure gradient due to electron-ion coupling, i.e., by gas dynamic mechanism. 18 Our measurements indicate that ion velocity close to the arc source is independent on the magnetic field, which demonstrates that magnetic field strengths utilized in our experiments does not affect significantly the gas dynamic acceleration of ions in vicinity of the cathode spot. Second region (80-150 mm) is the plasma expansion inside and outside the thruster where ion acceleration was observed. Let us consider a possible mechanism of plasma acceleration in this region. Plasma flow is subject to the electromagnetic force in the divergent magnetic field region
where M is the ion mass, n is the plasma density, j h is the azimuthal electron current, and B r is the radial component of the magnetic field. Vacuum arc plasma is fully ionized 18 and as such the only collisions to be considered are electron-ion collision. Azimuthal electron current density can be estimated as
where j r is the electron radial current density, x e is the electron cyclotron frequency, and ei is the electron-ion collision frequency. In the plasma jet outside of the interelecrode gap, the total current is zero and therefore the electron current is equal to the ion current. Thus,
where V r is the radial component of the ion current. Radial component of the plasma is developed in course of plasma expansion and could be about 0.3 of the axial component in a high magnetic field. 22 Based on the above scenario, one can estimate the ion velocity change in the axial direction as
Using the following typical parameters of the plasma jet: B (i.e., both B r and B z ) $ 0:1 T, n $ 10 20 m À3 , 22 V r $ 10 4 m/s, 22 and Dz $ 0:01 m, one can estimate that DV z $ 10 4 m/s. This result is in good agreement with experimental measurements.
Finally, let us estimate the thrust bit produced by this thruster. Fig. 6 shows the calculated impulse bit obtained using the measured velocity and mass flow rate, i.e., described elsewhere, 21 it is shown for comparison in Fig. 6 . In addition, the cathode material consumption rate as a function of a magnetic field is also plotted. It can be seen that the calculated impulse bit increases linearly with a magnetic field. Note that the tenfold increase in calculated impulse force with magnetic field rise from 0 to 0.3 T is partially caused by acceleration of ions (about twofold) and improving the efficiency of plasma transport from the cathode spot to outside the thruster (about fivefold).
It should be pointed out that the impulse bit calculation based on ion velocity measurements leads to overestimation in comparison with direct measurements. It is known that in addition to the ions large droplets known as macroparticles (MPs) and emitted by the cathode spot. These MPs have velocities that are significantly lower (10 2 -10 3 m/s) than that of ions. [23] [24] [25] Assuming that the mass flow rate of MPs is about 20% of the total mass but the impulse bit is neglectable, the mass flow rate of MPs can be subtracted from the measured mass flow rate for the sake of comparison. As seen in Fig. 6 , the re-calculated impulse bit agrees well with the directly measured impulse bit.
VI. CONCLUSIONS
It was found that the magnetic field leads to significant ion acceleration in the vacuum arc plasma jet. In particular, it was found that the acceleration occurs in the divergent part of the magnetic field. The ion velocity in the interelectrode region was measured to be about 2 Â 10 4 m/s and was not affected by application of a magnetic field. At the same time, ions were accelerated to about 3:5 Â 10 4 m/s at distance of about 24 cm from the cathode in the case of a magnetic field of about 0.3 T, while no acceleration occurs in the absence of a magnetic field. The ion acceleration was explained by the Lorentz force acting on plasma in the divergent magnetic field. Impulse bit was measured and estimated to be about 1 microN-sec in the case of magnetic field of about 0.3 T.
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